Emerging applications such as solid-state lighting and display technologies require micro-scale vertically emitting lasers with controllable distinct lasing wavelengths and broad wavelength tunability arranged in desired geometrical patterns to form ''super-pixels''. Conventional edge-emitting lasers and current surface-emitting lasers that require abrupt changes in semiconductor bandgaps or cavity length are not a viable solution. Here, we successfully address these challenges by introducing a new paradigm that extends the laser tuning range additively by employing multiple monolithically grown gain sections each with a different emission centre wavelength. We demonstrate this using broad gain-bandwidth III-nitride multiple quantum well (MQW) heterostructures and a novel top-down nanowire photonic crystal nanofabrication. We obtain single-mode lasing in the blue-violet spectral region with a remarkable 60 nm of tuning (or 16% of the nominal centre wavelength) that is determined purely by the photonic crystal geometry. This approach can be extended to cover the entire visible spectrum.
S urface-emitting photonic crystal (PC) lasers are promising light sources for the next-generation of compact and efficient light emitters used in data storage 1 , biomedical applications 2,3 , solid-state lighting 4 and display technologies 5 . In order for these devices to be of practical use, they must be constructed to emit over a large wavelength range, particularly in the violet to visible wavelength regime. Previous realizations [6] [7] [8] [9] [10] [11] [12] [13] [14] of PC lasers required complicated fabrication schemes, had limited tuning range, were reported at longer wavelengths far from the blue-violet regime, or implemented a single gain section. Here we describe a monolithic, GaN nanowire two-dimensional photonic crystal (2DPC) based laser array (optically pumped) with two distinct gain sections fabricated using a top-down approach that meet all of the requirements for next-generation laser arrays: i) the fabrication is scalable leading to tuneability over a large wavelength range that can be performed, at once, on a single substrate; ii) the necessary area of the photonic crystal is small, allowing for dense arrays; iii) the fabrication for nanowire structures is simplified since there is no need to remove the substrate 6 or fabricate a distributed Bragg reflector (DBR) beneath the PC 15 ; iv) light is emitted vertically and v) the emission is single-mode. These requirements are met using a design based upon low group velocity lasing that utilizes lateral feedback 16 which allows the incorporation of additional gain materials intended for different spectral regions. This fabrication method coupled with the wide gain bandwidth of semiconductor nitride materials will enable a new class of compact, monolithic multiple-wavelength photonic devices.
Sufficiently broadened gain spectra are necessary in order to fabricate an array of lasers that span a large spectral bandwidth. One way of obtaining a broad enough gain spectrum is by choosing a material with gain that is sufficiently inhomogeneously broadened. However, these broadened gain spectra are often viewed as detrimental due to the reduced peak gain resulting in an increase of the laser threshold. The rich dispersion characteristics of PCs provide an elegant solution to this problem. It has been predicted that in 2D and 3D photonic crystals certain modes can exhibit near-zero group velocity along certain lattice directions for particular bands 16 that can be utilized to reduce lasing threshold 6, [16] [17] [18] [19] . These modes propagate slowly enabling increased interaction time of the electromagnetic fields with the gain material thereby lowering the lasing threshold. This makes it possible to reach low lasing thresholds in material systems that exhibit a small amount of gain or a reduced gain over a larger bandwidth.
Results
Here, we exploit these characteristics of a 2DPC composed of an array of GaN nanowires in a hexagonal lattice to achieve lasing in a broad gain bandwidth system. The nanowires contain two gain sections embedded axially -one is composed of InGaN multiple quantum wells (MQWs) with an emission centred at 430 nm, the other a 150 nm thick InGaN under-layer (emission centred at 385 nm) commonly used to improve the quality of the subsequent MQW structures. We can enable selective lasing of the different gain sections by carefully designing the 2DPC parameters (e.g. lattice constant, nanowire diameter, height) to match the slow group velocity modes with the desired lasing wavelength. Figure 1 shows the band structure for a hexagonal lattice of GaN nanowires with a diameter 'd 5 0.4a' and height 'h 5 2a' where 'a' is the lattice constant. Using the plane-wave expansion method, we calculated the band structure using a hexagonal lattice periodicity in-plane and a simulation supercell of height 6a in the vertical direction to account for the finite height of the wires. While lower band indices show large dispersion, higher band indices have much less dispersion with relatively flat bands. Our design targets the higher bands (n . 16) with low group velocities and are outside of the light cone so the electromagnetic fields are expected to extend above the GaN nanowire array. Nevertheless, these fields still interact with the gain media.
Utilization of the higher bands also has an added advantage of relaxing the lattice constant and nanowire dimension requirements thus easing nanofabrication constraints. Interestingly, for certain bands (20-23) we also find that the low dispersion, slow group velocity modes are close to the C point making normal emission possible. The small but non-zero in-plane component of the wavevector of these modes enables efficient interaction with the gain regions while the larger out-of-plane wavevector directs the lasing emission to occur preferentially in the normal direction.
To utilize the entire available gain bandwidth of the two gain regions, we fabricated an array of 2DPCs with lattice constants ranging from 290 nm to 330 nm. For each lattice constant, the nanowire diameters ranged from d 5 0.43a-0.47a and were patterned using electron-beam lithography. Figures 2a-d show the schematic of the fabrication process along with the electron microscope images of a fabricated photonic crystal and the nanowire composition. The topdown approach enables the use of high quality planar epitaxial materials thereby relaxing 1D material growth constraints. Additional details of the top-down nanowire fabrication can be found in previous publications 20, 21 . Each device region was 100 mm 3 100 mm in size and composed of an array of 10 mm 3 10 mm 2DPC 'pixels,' each with a distinct lattice constant ( Fig. 2e, 2f ). All of the devices fabricated for this work had a uniform height of ,600 nm.
We analysed the 2DPC lasers using a micro-photoluminescence (mPL) setup that enables optical excitation of a single pixel in the array or a group of pixels by controlling the pump spot size. To further examine and illustrate the lasing threshold behaviour, we focused on a pixel with a lattice constant of 320 nm and a nanowire diameter of ,140 nm. At low pump intensity, a broad PL emission between 400-460 nm is observed. As the pump intensity is increased, a sharp peak emerges at the short wavelength edge of the PL spectrum. Further increase in the pump intensity causes the peak intensity of the narrow feature to rise rapidly in contrast to the slowly rising background PL. A series of PL and lasing spectra were generated by sweeping the pump intensity from 5 kW/cm 2 to 235 kW/cm 2 . The peak intensity as a function of pump intensity or the so called ''light-in/light-out'' (LL) curve can be seen in figure 3 revealing a clear threshold behaviour. The lasing emission occurs at 415 nm with a threshold of ,130 kW/cm 2 . The evidence for lasing is threefold-in addition to the threshold behaviour we observed narrow spectral features (,0.2 nm) and interference patterns on the CCD images above threshold. This indicated a high degree of spatial coherence, which is another characteristic of lasing behaviour.
All of the devices exhibited single-mode lasing behaviour over a spectral range spanning from 380 nm to 440 nm. The lasing wavelength for all the devices with different lattice constants corresponds to a reduced frequency (a/l) of ,0.75 to within 5%. This reduced frequency position corresponds well with the positions of the low dispersion bands shown in figure 1b . In addition to tuning the emission wavelength by changing lattice constants, it is also possible to achieve further fine tuning by changing the nanowire diameters for a given lattice constant. Thus, by suitably adjusting the lattice constant and diameter of the nanowire, a near continuum of lasing wavelengths is realized within the gain spectral region of the QWs and the underlayer. Figure 4 shows a representative collection of lasing spectra near threshold from 30 devices whose wavelengths are between 380-440 nm. Due to the wavelength dependence of the material gain longer wavelength devices have a higher pump power requirement to reach threshold, as a result these devices show a more prominent background PL. By using additional gain sections, a flatter gain profile could be obtained to minimize this effect. A careful observation of the spectra reveals two sets of peaks, one grouped between 375 and 390 nm and the second grouped between 405 and 440 nm. These two regions correspond to the emission band from the underlayer and the InGaN MQWs respectively. To confirm that the different gain media sections could be accessed individually through PC design, we fabricated a control sample using the same method but without the quantum well stack, and only GaN and the In 0.02 Ga 0.98 N under-layer. We found laser emission from 378 to 390 nm from this sample indicating that a portion of the broad spectrum of the final device was enhanced by the inclusion of two gain media. The observed laser emission from the under-layer sample can be seen on the left-hand side of figure 4. This demonstrates that lasing at different wavelengths can be achieved on a single chip by appropriately designing the 2DPC even on a single epitaxial wafer that is composed of multiple materials with different gain bandwidths. This implies that by incorporating MQW sections with longer emission wavelengths it would be possible to span the entire visible spectrum. The key challenge lies in achieving high enough quality MQWs to possess the necessary gain required for lasing at longer wavelengths due to their larger In concentration, which degrades the quality of the QWs. One remarkable point is that unlike conventional lasers with axial cavities, the different gain sections do not interact with each other: this is due to the lateral nature of the feedback provided by the 2DPC.
An additional advantage of this approach is the ability to fabricate densely packed micro-scale laser ''pixels''. By placing the 2DPC lasers in close vicinity to one another a single pump can optically excite multiple pixels at once. Figure 5 shows the results of pumping 4 of the 2DPC lasers at one time. The spectrum clearly shows 4 independent laser lines with nearly uniform intensities. We fabricated these 2DPC lasers to have the same lattice constant of 300 nm but slightly different diameters and therefore different emission wavelengths. Figure 5b shows the far field emission pattern of the 4 lasers operating together. This demonstration shows how III-nitride 2DPC lasers could be used for active wavelength selection in future solid state lighting and display devices. Different colours and warmths can be achieved by selectively exciting (optically or electrically -in future devices) certain laser pixels each with a different emission wavelength. The work presented here is a first step towards wafer-scale laser arrays tuned over the entire UV to visible range.
Discussion
We demonstrated surface emitting, single-mode 2DPC optically pumped lasers in the blue-violet spectral region with a remarkable 60 nm of tuning (or 16% of the nominal centre wavelength) that was determined purely by the photonic crystal geometries. We achieved this wide tuning in emission wavelength by employing two gain sections (GaN/InGaN MQWs and InGaN under-layer) covering different wavelength bands with broad gain bandwidth in conjunction with careful 2DPC design to select the lasing wavelength. Electron beam lithography was utilized to pattern the InGaN/GaN nanowire hexagonal lattice based 2DPC combined with a novel top-down nanofabrication method. The exquisite control enabled by the twostep, top-down etch process led to the creation of excellent quality nanowire arrays with controlled geometries and very high yield. The key to achieving normal direction lasing emission, with relatively low thresholds, was the use of slow group velocity modes near the C point of the 2DPCs at higher bands. In the future this approach can be expanded to include additional gain sections in order to cover the entire visible spectrum. The fabrication approach can also be appropriately modified to utilize doped structures to eventually create electrically injected devices. This work enables future SSL devices and displays fabricated using III-nitride 2DPC nanowire lasers to have dynamic colour tuning over a larger colour gamut.
Methods
Fabrication. The semiconductor material was grown on 2'' c-plane sapphire using a Veeco D-125 metal organic chemical vapour deposition (MOCVD) reactor. The epitaxial layers consisted of an n-i-n structure of GaN, the InGaN under-layer, and InGaN QWs grown on a 4-mm buffer layer of GaN. The GaN buffer layer was used to suppress Fabry-Perot type oscillations in the vertical direction by eliminating the reflection from the nanowire-substrate interface. A nickel etch mask was fabricated by lift-off that was patterned using electron-beam lithography. To transfer the photonic crystal pattern to the semiconductor material, the devices were etched using a reactive-ion dry-etch. The dry-etch step was followed by a KOH-based (AZ400K photoresist developer) wet-etch to remove the highly defective region caused by plasma damage. This wet-etch is timed to precisely control the diameter of the individual nanowires and forms highly anisotropic structures due to the selective nature of the etch chemistry.
Optical characterization. We optically excited the photonic crystal cavities at room temperature in an ultraviolet micro-photoluminescence setup. Our excitation source was a quadrupled YAG laser emitting at 266 nm, with a 10 kHz repetition rate, and 500 ps pulses. The excitation peak power density of the laser was controlled by a series of neutral density filters and lenses. We used a 5 mm pump spot to characterize the threshold power. The sample was imaged by a 50X UV objective and imaged into a 300 mm spectrometer and a liquid nitrogen cooled Si CCD. Light-in light-out curve measured from the d 5 143 nm and a 5 320 nm array. The spectra shown were measured between 5 kW/cm 2 and 235 kW/cm 2 . As the pump power density is increased a sharp peak begins to emerge at the short wavelength edge of the PL spectra. The intensity of this narrow peak (,0.2 nm) increased rapidly compared to the background PL. Single-mode emission was maintained at pump powers high above the threshold. The relative intensity of the laser emission to the background photoluminescence continued to increase with increasing pump power. 
